As the photovoltaic system consists of many equipment components, manual inspection will be very costly. This study proposes the photovoltaic system fault diagnosis based on chaotic signal synchronization. First, MATLAB was used to simulate the fault conditions of solar system, and the maximum power point tracking (MPPT) was used to ensure the system's stable power and capture and record the system fault feature signals. The dynamic errors of various fault signals were extracted by chaotic signal synchronization, and the dynamic error data of various fault signals were recorded completely. In the photovoltaic system, the captured output voltage signal was used as the characteristic values for fault recognition, and the extension theory was used to create the joint domain and classical domain of various fault conditions according to the collected feature data. The matter-element model of extension engineering was constructed. Finally, the whole fault diagnosis system is only needed to capture the voltage signal of the solar photovoltaic system, so as to know the exact fault condition effectively and rapidly. The proposed fault diagnostor can be implemented by embedded system and be combined with ZigBee wireless network module in the future, thus reducing labor cost and building a complete portable renewable energy system fault diagnostor.
Introduction
The rapid development of technology has led to over dependence on energy. Although oil is the most important energy source at present, it will be in shortage in the next 50 years. In order to solve this problem, humans have begun to seek alternative energy sources which will not harm the earth, such as renewable energy sources. The renewable energy sources are the energy sources derived from the nature, such as solar energy, wind power, tidal power, and geothermal heat, which are inexhaustible energy sources. Fossil energy is exhaustible, sunlight can meet 2,850 times of global energy needs, wind energy can meet 200 times of global energy needs, hydraulic power can meet 3 times of global energy needs, biomass energy can meet 20 times of global energy needs, and geothermal heat can meet 5 times of global energy needs.
This study focused on solar photovoltaic power generation. In the regions with abundant light supply (e.g., space exposed to the sun, ocean, coast, and open rocky area), solar energy is supplied continuously, and the production process does not pollute the environment or consume other earth resources or cause greenhouse effect. Solar energy is derived from the sun inexhaustibly and is as good as water power or wind power. Many countries are developing solar energy actively. The solar energy facilities can be constructed facilities, such as wind energy facilities, protecting many lands and ecologies. The solar module can be mounted on buildings, which is called photovoltaic integrated buildings. The solar panel can generates electric power in sunlight, insulate heat, reduce the temperature inside buildings effectively, and reduce the building energy consumption. Solar energy is a renewable energy that can be conveniently obtained. As long as the solar panel is placed in an open area with long sunshine, the solar energy can be obtained effectively. However, as the equipment is set in open area for a long time, it is likely to be destroyed by natural disasters and to age. These factors will reduce the efficiency of solar photovoltaic system. Once a fault occurs in the solar module, it must be inspected, but the faults may be difficult to detect with naked eye. The detection is labor and cost consuming. This study thus proposes an intelligent solar photovoltaic system fault diagnostor. When small solar power systems are popularized and combined with commercial power, the household solar power system is likely to have faults; thus, the solar photovoltaic system fault diagnostor will be an important tool. The research and development of solar energy fault diagnostor will be very helpful to solar power systems, not only shortening manual detection time and reducing risks but also detecting the fault point effectively.
Most current studies on the fault diagnosis for solar photovoltaic system use software simulated or measured power generation data of solar photovoltaic system as the fault diagnosis data. As the output power of solar photovoltaic system is influenced by the sunshine intensity and module surface temperature significantly and the solar power system data are nonlinear system, many studies use software for simulation. Several diagnostic methods for solar photovoltaic system are introduced as follows. Literature [1] proposed a diagnostic method based on error backpropagation algorithm (BP), combined with the unique characteristics of calculator and artificial neural network, such as rapid development of complexity, association, memory, adaptability, self-learning, and processing complex multimode. The artificial neural network [1, 2] is applicable to fault diagnosis, and BP neural network is the most used one. The input signal is transmitted from the input layer and hidden layer to the output layer. The output end generates the output signal. The weight of network is fixed in initial propagation, and the state of neuron of a layer only influences the state of neuron of next layer. When the output signal is not as good as the output layer expected, the error backpropagation is triggered. In the error signal backpropagation, the weight of network can adjust the error signal. However, the defect in neural network is that the optimal number of neurons of hidden layer should be selected through multiple experiments, and a long training is required in order to converge to the system. Literature [3] used MATLAB software to simulate the characteristics of solar photovoltaic system. Equivalent mathematical equation was used to simulate the characteristic curves of photovoltaic system in sunlight and in shadow. The simulation system sets the series-parallel connection of modules and photovoltaic module shadow coverage area, whether or not to mount bypass diode and blocking diode. The simulation effect was very close to the actual result, but the equivalent parameter changed when a fault occurred. Thus, the defect in the above method is that the fault parameter is difficult to be calculated when the photovoltaic system has other faults. Literature [4, 5] used PSIM software to build a solar photovoltaic system. The characteristic curve of simulation result was similar to the actual operation curve, and the extension theory was applied to diagnose the fault category, so the diagnosis effect was very good. However, the curve of simulated photovoltaic system fault in [4, 5] was slightly different from the actual faulty system. The simulation system did not consider the influence of bypass diode and blocking diode on the photovoltaic system, and the actual photovoltaic system was equipped with bypass diode and blocking diode. Therefore, there was a pit in IV curve when the photovoltaic system had a fault, so that the maximum power point shifted, resulting in multiple peaks of PV characteristic curve. This paper proposes a fault diagnosis method based on chaotic synchronization signal, combined with the intelligent classification of extension theory. The chaotic system is very sensitive to the change in system parameter, and the system parameter of system must be changed if the solar photovoltaic system has a fault. Therefore, this method only needs to import the signal of the photovoltaic system with faults into the chaotic synchronization system according to the variance in system parameter and to capture the variance in dynamic error. It is imported into the extension theory to distinguish the fault state effectively, and the extension theory does not need learning time, so the diagnosis is rapid.
Photovoltaic System
The main function of solar photovoltaic system is to convert the solar irradiation into electrical energy by solar photovoltaic cell and an electric power converter. The equipped electric power converter can stabilize, increase and reduce the output voltage, or convert the frequency according to the requirement of output load. The output power depends on the area of solar photovoltaic cell, conversion efficiency, solar illumination, ambient temperature, and effect of load. The solar photovoltaic array used in this study was a 10 * 2 array, equipped with a boost converter and MPPT algorithm, as shown in Figure 1 . The MPPT algorithm guarantees the maximum power output when the solar photovoltaic array has faults. The voltage variation is measured in the system operation to distinguish the fault. The power characteristic generated by solar photovoltaic cell is not linear, and the power of solar photovoltaic cell varies with current sunshine intensity and ambient temperature. In order to keep the output power at the maximum value of the characteristic curve [6] , the solar photovoltaic system must be equipped with MPPT control to guarantee the maximum output power, so as to maximize the system output efficiency. At present, the common incremental conductance MPPT method [7] is used in this paper.
Proposed Fault Diagnosis Method
3.1. Chaotic Synchronization System. As the chaotic system is very sensitive to the change in system parameter [8] [9] [10] [11] [12] [13] [14] , this study used this characteristic to capture the solar photovoltaic system fault voltage signal for chaotic synchronization transformation. The kinematic trajectories of dynamic error were extracted, and these kinematic trajectories were the fault features; thus, the extension theory was used to recognize fault conditions. The Lorenz chaotic synchronization system is expressed as follows [8] :
Slave:
Dynamic error of system is as follows: where , , and are positive constants. According to the condition of chaos theory [8] , if the eigenvalues of system are negative, the system state is determined as stable, so that the chaotic attractor can be generated. The kinematic trajectory of chaotic attractor is used for various studies. This paper observes the kinematic trajectory of chaotic attractor to distinguish the fault type of solar photovoltaic system. (4) and (5), where is the extend factor of classical domain, aiming at extension considering light error resulted from human or irresistible factors in actual measurement. This region is called classical domain [15] . Consider the following:
Extension Theory
In order to avoid omitting important features outside the classical domain range [ , ] , the extension rate is proposed to obtain the joint domain. The joint domain [ , ] is obtained by (6 
If is a point of real number, the correlation function is defined as Figure 2 is the chaotic signal synchronization and extension diagnostic system flow chart. First, the measured voltage of solar photovoltaic system is recorded, and then the recorded voltage signal to be measured is imported into the slave system of chaotic signal synchronization system. The chaotic synchronization system generates the chaotic dynamic error signal after the subtraction between master system and slave system. The kinematic trajectory formed of chaotic dynamic error signal is the main basis of extension diagnosis, which is the fault feature of solar photovoltaic system. Finally, as long as the chaotic dynamic error signal is imported into the finished extension matter-element model, the fault category can be identified rapidly and accurately by extension diagnosis of fault conditions.
Simulation and Experimental Results
The solar photovoltaic system was simulated by using 
W/m
2 , ambient temperature is 25 ∘ C, and the connection mode is 10 series and 2 parallel. The fault types are shown in Table 1 . The voltage-current characteristic curve with faults was captured and recorded, and the voltage in nine cases was imported into the chaotic synchronization system, so that the chaotic synchronization system generated dynamic error. Figure 3(a) shows thė1̇3 dynamic error plane of nine simulated fault conditions. Figure 3(b) shows thė1̇3 dynamic error plane of nine actual fault conditions. The fault features are extracted as the base of extension diagnosis. Finally, the matter-element models are finished in Table 2 for fault recognition. Finally, 18 data are imported for the system to distinguish. There are 18 data imported into simulated and actual diagnoses, respectively. The diagnostic results are shown in Tables 3 and 4 . They show that the proposed scheme has good diagnostic performance.
Conclusion
This study diagnosed the faults in solar photovoltaic system based on chaotic signal synchronization and used extension theory to distinguish the fault category. As the chaotic synchronization allows the system to have obvious nonlinear motion due to the change in system parameter, this obvious kinematic trajectory was used as the characteristic values of faults, and excellent diagnosis effect was obtained by the intelligent recognition of extension. The extension theory does not need iteration or learning, and its diagnosis is very fast in comparison to general neural diagnosis. Accurate, rapid, timesaving, and cost saving fault recognition could be achieved by capturing one voltage signal and two characteristic values of chaos. The cost was much lower than other traditional methods which need many sensors to capture physical quantities for distinguishing faults. As an intelligent fault diagnostor, its effect is excellent.
